Crustaceans contain a great variety of sensilla along their antennules that enable them to sense both hydrodynamic and chemical stimuli in aquatic environments, and can be used to inspire the design of engineered sensing systems. For example, along the antennule of the freshwater crayfish, Procambarus clarkii, four predominant mechanosensory sensilla morphologies are found. To study their response to upstream flow perturbations, atomic force microscopy was utilized to determine P. clarkii sensilla bending in response to an applied force and a mean torsional stiffness, k t = 1 × 10 −12 N m degree −1 was found. A numerical model was developed to quantify the deformation of the four sensilla morphologies due to flow perturbations within their surrounding fluid. These flow perturbations were intended to mimic predator and ambient fluid movements. Results show that upstream fluid motion causes alterations in velocity near the sensilla, accompanied by corresponding variations in pressure along the sensilla surface. The feathered and filamentous sensilla, which are hydrodynamic sensilla, were found to be highly sensitive to flow perturbations. The beaked and asymmetric sensilla, which are bimodal chemo-mechanoreceptors, were found to be much less sensitive to hydrodynamic disturbances. Results also show that sensilla are most sensitive to fluid movement in the along-axis plane of the antennule, with a sharp drop in sensitivity perpendicular to this axis. This sensitivity agrees well with neural responses measured directly from the paired sensory neurons associated with each sensillum. Greater along-axis sensitivity is likely beneficial for determining the direction of fluid movements, which may be important for both aquatic organisms and biomimetic sensing systems.
Introduction
Sensillar morphologies and their structure in aquatic animals play an important role in their sensory function, and can aid in the design of engineered hydrodynamic and chemical sensing systems (Ishida et al 2001) . Arthropod crustaceans such as crabs, lobsters and crayfish use contact, hydrodynamic, and chemical sensing for a number of activities such as detecting and locating predators, prey, habitat and potential mates (Weissburg 2000 , Koehl 2006 , Mellon 2012 . These organisms inhabit benthic environments, and are often exposed to moving fluids that contain both hydrodynamic and chemical cues. The benthic zone is often highly turbulent, and therefore these organisms are likely to be surrounded by intense gradients in both water velocities and chemical concentrations Koehl 2011, Pravin and , which can provide information, but also uncertainty, when detecting and tracking movements of distant odor sources (Moore et al 1989 , Moore et al 1991 , Webster and Weissburg 2009 ). These organisms contain unimodal chemosensitive and hydrodynamically sensitive setae, along with bimodal chemo-mechanosensitive setae that respond to both flows and odors (Koehl 2011 , Mellon 2012 . These setae can be found along their first antennae, called antennules, in addition to sensilla that are often present over large portions of their body (Mellon 2010, Mellon and Abdul Hamid 2012) .
Almost all decapod and stomatopod crustaceans flick their antennules, which facilitates the transport of odorant molecules to the surface of the olfactory sensilla present on the antennules (Schmitt and Ache 1979 , Mead and Koehl 2000 , Reidenbach et al 2008 . Such a motion constitutes a rapid forwardstroke which enhances the movement of odorants through the sensillar hairs, followed by a slower return-stroke which results in odorant laden fluid being trapped between the sensilla (Stacey et al 2002 , Koehl 2006 , Reidenbach et al 2008 . The entrapped molecules are then transported to the surface of the aesthetascs by small-scale advection and molecular diffusion (Koehl 2006) . Price and Ache (1977) and Schmitt and Ache (1979) found that antennular flicking in the spiny lobster Panulirus argus enhances the response of olfactory sensory neurons to water-borne odorants, while this flicking breaks down fluid boundary layers that enables for the enhanced delivery of these odorants to chemosensory sensilla (Reidenbach et al 2008) .
In addition to chemical sensing, sensing of hydrodynamic and mechanical disturbances is also important for detection of predators, mates, and varying environmental substrates (Mellon 2012) . There is a rich diversity of sensilla located on antennules of crustaceans, with up to a half-dozen subtypes on a single species . The lateral antennular flagellum of the freshwater crayfish, Procambarus clarkii, for example, contains a number of subtypes of setae which are all thought to function as olfactory, hydrodynamic, or bimodal mechano-chemosensory sensilla, but the exact functional properties of these structures are not fully known (Mellon 2012) .
Arrays of sensory elements, based on the design of biological olfactory sensilla, are often used in the fabrication of robotic noses for sensing odorants in turbulent flow environments. Robots with 'electronic noses' have been employed for tracking of plume sources (Ishida et al 2001) as well as type of release (Kikas et al 2001a , 2001b , Cantor et al 2008 , and the intermittency of odorant plumes due to turbulence has been shown to be a key factor in the success of plume tracking. However integration of chemical and hydrodynamic stimuli to aid in search strategy has been less studied. From behavioral studies with aquatic animals as well as design attempts of electronic noses (Ishida et al 2005) , there is increasing evidence that both chemosensory and hydrodynamic sensory inputs are required to determine odor source location (Atema 1996 , Moore and Grills 1999 , Gardiner and Atema 2007 . Chemical odorants are dispersed throughout aquatic environments through convection and diffusion with the flow and the distribution of odorants across the environment is inherently complex. Being scalar quantities, tracking odorants to their source requires input from other sensory systems as well, such as hydrodynamic sensors in addition to olfactory sensory organs. For P. clarkii, local deutocerebral interneurons integrate hydrodynamic and odorant inputs, and the response is enhanced when both flow and odorant stimulation occurs together (Mellon 2005) . Both flow and odor signals have been suggested to aid in search behavior (i.e., Atema 1996) . Numerous behavioral studies have now shown that hydrodynamic features are important, if not essential, for odor source detection by aquatic vertebrates and invertebrates alike (Weissburg and ZimmerFaust 1994 , Atema 1996 , Hodgson and Mathewson 1971 , Pohlmann et al 2004 , Catton et al 2007 . Hydrodynamic stimulation of the antennules, including flicking (Mellon 2010 , Mellon 2012 ) and from ambient current evokes electrical activity in the central brain neurons (Mellon 2005 . Peak responses of olfactory receptor neurons occur when the aesthetasc responds to a combination of odorant and hydrodynamic stimulus (Grasso and Basil 2002 ,Mellon 2005 , Gardiner and Atema 2007 . Concentration and flow cues simultaneously excite chemoreceptors and mechanoreceptors of the antennules during flicking. For P. clarkii, local deutocerebral interneurons integrate hydrodynamic and odorant inputs, and the response of these central elements is enhanced when both flow and odorant stimulation occurs together (Mellon 2005) .
In P. clarkii, the kinds of setae found on the lateral antennular flagellum include standing feathered setae, simple asymmetric setae, small and large beaked setae and filamentous setae. Their population density ranges from dense to rare and function varies widely, from highly sensitive near-field reception to bimodal contact chemo-mechanoreception (Cate and Derby 2002a , 2002b , Mellon and ChristisonLagay 2008 . Although Mellon and Abdul Hamid (2012) confirmed that weak hydrodynamic stimuli are able to excite the feathered sensilla, the sensitivity of other sensilla morphologies to hydrodynamic disturbance and their functional properties are largely unknown. This study aims to build on the findings of Mellon and Abdul Hamid (2012) on hydrodynamic sensitivity of sensilla in P. clarkii. The goal of this study is to determine the effects of hydrodynamic perturbation on flow and pressure distribution near an organism and the structural response of various hydrodynamic sensilla to the perturbation. We also attempt to examine the variation of the response to directionality of the hydrodynamic perturbation and its correlation to nerve spiking thresholds as reported by Mellon and Abdul Hamid (2012) . P. clarkii, is an ideal model organism to examine antennular sensilla functioning. Its antennules are highly sensitive to water-borne odors and mechanical disturbances and its brain is largely devoted to processing olfactory information (Mellon 2005 , Mellon et al 2014 . The specific questions that are addressed in this study are:
(1)What is the effect of upstream perturbation on pressure and velocity around the sensilla of a downstream animal?
(2)What effect does morphology have on force, moment and deformation of sensilla in aquatic organisms?
(3)How does sensilla deformation vary with direction of incoming perturbation?
We utilize atomic force microscopy (AFM) to characterize the torsional stiffness of sensilla and then utilize this information to calculate the response of flow and pressure profiles on the sensilla surface to a pulse of motion upstream using a computational fluid dynamics (CFD) model. The resultant flow profile is applied to the sensilla hairs of four dominant morphologies to examine their structural bending response to the force exerted by the incoming flow. The numerical model and fluid movement matches the same experimental setup used to stimulate nearfield mechano-receptors on P. clarkii and determine thresholds of sensory neuron responses in Mellon and Abdul Hamid (2012) .
Methods
Mechanosensory sensilla morphologies Scanning electron micrographs (SEM) were obtained from excised lateral antennular flagella of small (5 cm) postmolt or intermolt animals (further described in Mellon and Abdul Hamid 2012) . Animals used for imaging were large adult southern swamp crayfish, Procambarus clarkii, obtained from a commercial source in Louisiana (Atchafalaya Biological Supply, Raceland, LA, USA). Flagella were removed surgically from the crayfish, and fixed overnight at 4°C in 2% paraformaldehyde-2% glutaraldehyde in 0.1 mol l −1 sodium phosphate buffer (pH 7.4). Fixed flagella were washed 3 times in 0.1 mol l −1 phosphate buffer, dehydrated in an ethanol series and critical-point dried prior to being gold coated and imaged on a JEOL 6400 scanning electron microscope (JEOL Ltd, Tokyo, Japan). The four most dominant morphologies of mechanosensory sensilla (figure 1) found on P. clarkii are the feathered, beaked, filamentous, and asymmetric types (Mellon 2012) . These four morphologies and their characteristic dimensions, including length, diameter, and hair structure (table 1) were obtained from SEM images. A digital representation of the morphologies of the sensilla were created using computer-aided design from dimensions obtained from the SEM images (figure 2).
Atomic force microscopy
The torsional stiffness k t for the sensilla was calculated using data from AFM experiments. Samples were prepared in a manner similar to that described above and prepared for in-fluid AFM experiments using a Veeco Multimode AFM. The AFM was first used in contact mode with a fluid cell to probe the sensilla surface and generate a topography. System thermal equilibrium was achieved before beginning and a 5 × 5 μm region was scanned with scan parameters (rate, set-point force, etc) optimized for scan quality. NP-20 probes were used, with nominal cantilever stiffness of 0.06 N m −1 and a tip radius of 20-50 nm.
Several sets of experiments were performed at different locations on the sensilla, one near the base and one near the distal end, and one more roughly in the middle of the sensilla. Preliminary experiments indicated that the NP-20 probes were appropriate to capture the force and deflection profiles across the range of locations on the sensilla. Across all experiments at all locations, the maximum force observed was on the order of 70 nN, while the maximum cantilever deflection was on the order of 1 μm (corresponding to a maximum sensilla rotation of about 0.05°). The force, F, needed to deflect the sensilla a distance, δ, was quantified for all locations and the angle of rotation was quantified as θ s = Lδ −1 , where L is the moment arm or distance from the proximal end of the sensilla and small angular deflection is assumed (figure 3). The torsional stiffness was computed using the basic mechanics relation for moment balance at the hinge, assuming the sensilla responded as a rigid body and that the indentation depth was negligible throughout the AFM experiments:
t s
The force-deflection data collected at points along the sensilla were essentially linear, suggesting that the assumption of a rigid body rotation hinged at the base is valid. For a small angle of deformation, the torsional stiffness at the base of the sensilla can be quantified as:
An estimate of k t = 1 × 10 −12 N m degree −1 was determined from a subset of the 87 measurements that were made on 11 different sensilla, which varied in length from a minimum of 80 to a maximum of 190 μm. The standard deviation in measurements across all 87 samples was on the order of the mean, mostly due to between-sample variations in physical properties (radius, length) and the challenges of making these kinds of measurements. Aligning the cantilever tip with the axis of the sensilla is challenging, and misalignment surely introduces experimental error due to off-axis loading and potentially slight cantilever twist. The angular rotations expected for the conditions presented in this paper are on the order of 1°or less. The subset of AFM results with maximum rotation near 1 o includes 48 of the 87 total measurements, all resulting in torsional stiffness estimates in the range of 1-3 × 10 −12 N m degree −1
. The torsional stiffness is defined in these simulations as k t = 1 × 10 −12 N m degree −1 because this estimate is consistent with the measured data as well as with other measurements of similar hair-like structure torsional stiffnesses (Humphrey et al 1993 , McConney et al 2009 , Schaber and Barth 2015 . The results presented below also include a sensitivity analysis that explores potential alternative choices for k t and their impact on hair deflection.
Upstream flow perturbation response To determine the perturbation in flow and pressure caused by an upstream disturbance, a two-dimensional CFD model of a pulsating flow is employed and the response is recorded adjacent to the antennule surface. A two-dimensional model in used to reduce the computational cost of the simulation and utilize the symmetry of the 3D problem in normal direction to the 2D plane. The ANSYS™ multi-physics software package is used to first solve for the flow and pressure distribution around the antennule, which is then inputted into the fluid-structure interaction model (figure 3). The upstream perturbation was created by a circular object of 9.5 mm diameter (figure 4) and was modeled to mimic the perturbation formed to quantify neural spiking thresholds of standing feathered sensilla by Mellon and Abdul Hamid (2012) . In the neural spiking threshold experiments, a 9.5 mm diameter sphere was used to create a flow disturbance, which generated a flow-disturbance pulse which lasted 2 ms. In the model, the circular object was displaced the same distances and over the same time periods as the sphere within the neural spiking threshold experiments.
The model solves for a 2D transient incompressible flow around the sphere and sensilla for which the governing equations are: where u, v, and p are x-velocity, y-velocity and pressure respectively. The following boundary conditions are applied for the model:
, which is the typical flicking speed for crayfish), v = 0.
• Top and bottom: zero shear slip walls are applied, i.e. v = 0, ∂p/∂y = 0, ∂u/∂y = 0.
• Outlet: a constant pressure outlet is used: p = p atm.
• Circle walls: a no-slip wall boundary condition is applied:
A rectangular flow domain of size 200d (d = diameter of the downstream circle) was used. A mesh size of 3500 cells was required to converge the results and capture the flow dynamic for the model. The commercial solver CFX™ was used to solve for velocity and pressure throughout the flow domain. The results from this study are then used as inlet boundary conditions for deformation analysis of the sensilla located on the downstream antennule within the fluid-structure interaction model (figure 3). Figure 3 (C) displays the connectivity of models where the results from the perturbation model (figure 4) are used as boundary conditions for the CFD portion of FSI ( figure 3(A) ). The flow field generated around the sensillum is then applied as a pressure load on the sensillum to compute its deformation around its base, δ ( figure 3(B) ). This method constitutes a one-way FSI formulation where the flow field around the sensilla affects its structural position but not vice-versa. This formulation is justified since the deflection of the sensilla is small, δ ≪ 1°, and hence does not effect the flow field significantly.
The CFD domain in figure 3(A) was generated for each of the four sensilla morphologies. To achieve mesh density convergence, the feathered sensilla flow domain was meshed into ∼2 million nodes with tetrahedral dominant elements. The asymmetric, beaked and filamentous models required ∼38 000, 24 000 and 370 000 nodes respectively.
Sensilla bending analysis
Within the fluid-structure interaction model, sensilla are assumed to be attached to the antennule at its proximal end by a revolute joint with a torsional stiffness, k t . The sensillum itself is modeled as a structurally rigid body hinged at its base as a simple torsional spring, since the AFM measurements show little bending along the length of the sensillum. A noslip wall is applied at the bottom of the flow domain, which is the surface of the antennule. A constant pressure is applied at the outlet and zero shear slip walls are assumed to be present at the remaining three sides. The force and bending moment on the sensillum resulting from the incoming flow are calculated by integrating the resultant pressure over the surface of the sensillum. A steady state analysis for the sensilla bending is performed to calculate the equilibrium deflection of the sensilla structure. Therefore, transient motion is not modeled, and neither inertia nor the mass of the sensilla is assumed to factor in to the final angular position of the sensilla. The effect of relative angular position of the upstream flow perturbation on the sensilla response is determined by adjusting the angular position of the sensillum on the antennule, θ (figure 4) in steps of 20°, and then solving the model for pressure and angle of deflection for each sensillum type.
Results

Upstream perturbation response
The effects of an upstream hydrodynamic perturbation on water velocity and pressure along a P. clarkii antennule are studied using a two-dimensional CFD model. The circle upstream undergoes a pulse movement for a duration of 2 ms, as shown in figure 4 . Water velocity and pressure are quantified adjacent to the surface of the antennule where a sensillum would normally be present. The Reynolds number for the antennule is ∼9 and Re for the sensillum is ∼3. The hydrodynamic pulse results in a sharp peak in velocity of 0.85 cm s −1 followed by a sharp drop to 0.78 cm s The results from this model show that a sudden pulse of movement upstream results in a momentary increase in velocity and pressure along the antennule and at locations of mechanosensory sensilla.
Sensilla response to perturbed flow
The flow fields around the various sensillar morphologies are shown in figure 6 . The sensillar walls are colored by total displacement of the sensillar surface and the streamlines indicate water velocities at fixed distances from the base for all four morphologies. As the sensilla are attached to the antennule surface through joints, simulated as revolute joints in the FSI model, the sensillum responds to the incoming flow by rotating around the joint by an angle δ. A greater surface area exposed to the flow or a longer length of the sensillum results in larger bending moment applied to it around the joint and resultantly larger angular deformation, δ (figure 7). The filamentous sensilla morphology, which is the longest (L = 200 μm) experiences the maximum deformation of 0.91°. This is approximately 66 times greater than the deformation of the asymmetric sensilla morphology, which has the least deformation. The feathered sensilla experiences the maximum total force and bending moment, which is 10 times the force and 23 times the bending moment applied to the asymmetric sensilla. However, the feathered sensillum has less deformation than the filamentous sensillum due to its shorter length. The branching structure of the feathered, and to a lesser extent the filamentous, contributes to the overall drag force creating torque that the sensillum experiences. Due to the low Reynolds number regime of the flow, a greater amount of fluid flows around the feathered sensillum than through its branches. Such 'paddle-type' behavior (Koehl 2006) provides much greater resistance to the flow.
Direction of perturbation
The effects of the direction of incoming flow perturbation on the sensillar response was determined by varying the flow angle θ (figure 3) from 0°to 360°in increments of 20°. The incoming flow approaches the downstream sensillum at θ = 0°, and θ = 180°c orresponds to the center of its wake. The water velocity around the sensillum increases to a maximum of 1.15 cm s −1 as the angle θ increases from 0 to 90°a nd is the smallest (0.43 cm s −1
) at 180°when the flow perturbation approaches the sensillum from the opposite direction (figure 8). The velocities and corresponding pressure distributions along the sensillum have direct correlation to the variation of nerve spike threshold with the direction of perturbation (figure 9, adapted from Mellon and Abdul Hamid 2012), suggesting that greater perturbations in fluid movement surrounding the antennule, and consequently sensillar deformation δ, lead to increased neural response in the animal's brain. Angular deformation for various sensillar morphologies is compared in figure 10 . Results show that deformation variation with direction of perturbation closely follows the flow speed the sensilla are exposed to, with greatest deformation observed in feathered sensilla oriented at right angles to the direction of perturbation.
Model sensitivity to torsional stiffness An average value of k t = 1 × 10 −12 N m degree −1 was used for the models as calculated from AFM measurements for the beaked sensilla. The sensitivity of the model to torsional stiffness for each of the morphologies is determined by varying k t over several orders of magnitude and calculating the deformation response for each case. Results ( figure 11) show that the angular deformation of each of the morphologies is fairly insensitive to changes in torsional stiffness across a range of five orders of magnitude for smaller values of k t . For stiffness values greater than k t = 1 × 10 −12 N m degree −1 , there is a sharp decrease in angular deformation, suggesting that any stiffness greater than that measured from AFM, a reduction in the sensitivity of the sensillum occurs. In addition, there is a transition from the filamentous hairs being the most sensitive at k t = 1 × 10 −12 N m degree −1 to the feathered sensilla being the most sensitive to angular deformation at k t = 5 × 10 −11 N m degree −1 .
Discussion
Previous studies in the spiny lobster have shown that antennular flicking, either occurring naturally by electrical stimulation via the antennular adductor muscle or by passively generating similar, artificial flicks of the antennule using a pen motor, enhance the responses of individual antennular chemoreceptors to gradients of amino acids (Schmitt and Ache 1979) . Furthermore, in the clawed lobster Homarus americanus (Gomez and Atema 1996) , the optimal integration time for stimulus acquisition in chemosensitive neurons on the antennule is around 200 ms, approximately the time required for the downward phase of an antennular flick. In P. clarkii, at least, standing feathered sensilla and perhaps filamentous sensilla can evoke antennular flicking in response to near-field hydrodynamic stimuli (Mellon and Abdul Hamid 2012) . One can predict that advection-driven turbulence in the water column may often signal the presence of novel odorants; given the above findings, sampling the environment through aesthetasc sensilla via flicking behavior would therefore appear to be an appropriate, reliable foraging strategy. In this context, it seems important to understand the influence and distribution of flow-fields not only around the aesthetasc (olfactory) sensilla themselves, but also those of neighboring types of sensilla that might modify their immediate kinetic environment. The results presented in this study show that an upstream perturbation in flow can cause alterations in fluid velocities and the resultant pressure distribution surrounding sensilla along the crayfish antennule. Of the morphologies tested, the standing feathered sensillum encounters the largest force and bending moment against the incoming flow while the feathered and filamentous morphology experiences similar but smaller angular deformations. Results also indicate that the sensilla undergo maximum angular deflection when aligned at or close to (depending on the symmetry of the branching structure) right angles to the direction of the perturbation. These hydrodynamic and pressure distribution results are in close conformity to sensitivity to direction of perturbed flow as measured by neuron spiking thresholds in the animal brain as reported in Mellon and Abdul Hamid (2012).
Sensillum morphology and sensitivity
As the upstream perturbation in the flow creates a hydrodynamic disturbance around the antennule, either due to antennule flicking, ambient currents, or turbulence induced by a nearby predator or mate, it generates a pressure distribution along the surface of the sensillum, and causes an angular deformation about its base. Hydrodynamic sensilla have a variety of morphologies that allow varied degrees of sensitivity under different flow conditions. The standing feathered sensillum, due to its large surface area and dense array of branches, generates flow that goes around its structure instead of through its branches (figure 6). In combination with the low Reynolds number laminar flow it experiences under small fluid perturbations, the feathered sensillum essentially acts as a 'paddle' (Koehl 2006) and experiences the greatest applied fluid force among all predominant sensillar types. However, the bending moment about its base is similar in magnitude to the filamentous sensillum, which experiences less overall force, but due to its greater length, creates an equivalent angular deflection at its base. Both sensillar morphologies result in large deformations around the joint and allow detection of small perturbations in the flow field. The neural response of the feathered sensillum was studied by Mellon and Abdul Hamid (2012) and the greatest extent of deformation around the joint was found to correlate with the direction of largest nerve spiking in the animal brain. This suggests that variations in the magnitude and/or direction of the perturbation can be detected by P. clarkii. . The plot shows little variation in deformation (δ) for less stiff sensilla (k t < 1 × 10 −12 N m degree −1 ) but a sharp reduction in angular deformation, and thus sensitivity of the sensilla to hydrodynamic disturbance, for sensilla that have greater torsional stiffness.
Relative sensillum sensitivity and function Although the feathered sensillum was found to experience the largest force and bending moment, there are many scenarios and environmental conditions in which it would be advantageous to be less sensitive to fluid perturbations, including mechanosensing in high flow environments, mechanosensing during relatively fast antennule flicking, or mechanosensing by direct contact with solid surfaces Weissburg 2009, Mellon 2012) . These varied functions are performed by the range of sensillar types found on the antennules of crustaceans. The morphology and the fine structure of the aesthetasc sensilla in spiny lobsters and crayfish has been the subject of many studies (Tierney et al 1986 , Grunert and Ache 1988 , Mellon et al 1989 . During chemical stimulation, these organisms typically exhibit flicking reflexes by their antennules, which initiate rapid antennule movement in the range between 1 and 10 cm s −1 (Koehl 2006 , Reidenbach et al 2008 , Nelson et al 2013 . Therefore, mechanosensors exposed to these rapid accelerations and fluid velocities, in addition to any surrounding ambient currents, must be able to detect and react to this fluid movement occurring at a much higher Reynolds number regime than the fluid perturbations studied. However, input from those sensilla that are most sensitive to water movements may be actively suppressed by the brain through feed-forward inhibition during active flicks (Mellon and Christison-Lagay 2008) . In contrast, there is a need to detect and quickly respond to extremely small perturbations in the flow, often caused by predator attacks, and having multiple mechanosensor morphologies with varying sensitivities may play a fundamental role in enabling P. clarkii to detect hydrodynamic disturbances. Changes in the magnitude of a flow perturbation or time duration of a perturbation may conceivably alter the transient response of sensilla motion, leading to variations in the angle of deformation. Unfortunately, our model assumes steady state conditions to calculate the equilibrium deflection of sensilla, and a second-order mechanical system would need to be modeled, which includes the effects of mass and inertia, in order to determine transient motion.
Of all the known morphologies on the crayfish antennule, the standing feathered sensilla appear to be the most highly sensitive near-field hydrodynamic receptors (Mellon 2012) . They are highly sensitive to hydrodynamic shear providing the first sign of warning for the animal to the possibility of the presence of a predator. The morphology of the sensilla, consisting of a dense array of branches, provides enhanced resistance to the incoming flow, increasing deformation of the sensilla structure at its joint. The beaked sensilla are the second most numerous morphology on the antennules of P. clarkii. Their curved tip cuticle has been shown to have permeability to dye crystal violet (Mellon 2012) , likely indicating they serve a function in chemical reception. Anatomical studies of similar sensilla in spiny lobsters suggest that these sensilla are bimodal contact chemo-mechanoreceptors Derby 2002a, 2002b) . Our results show that they have smaller deformational sensitivity (angular deflection in response to flow) than feathered sensilla. These bimodal sensilla can initiate antennule flicking (Mellon 1997) and owing to their lower hydrodynamic sensitivity, their mechanosensing function may be active during the flick to aid in chemical detection, however their specific function is still unknown. Neither is the function of asymmetric and filamentous setae in P. clarkii established. The asymmetric sensilla have been inferred to be bimodal chemo-mechanoreceptor in lobsters (Cate and Derby 2002a) . They show the least sensitivity to flow-field perturbation in our results. Although their function is speculative, their low sensitivity allows them to respond either to fast water movements, such as during a flick, or act as contact sensilla. Filamentous setae are present in sparse population on the antennules on P. clarkii. These sensilla are the longest in length among all the sensillar morphologies tested in this study and have a group of filamentous projections near their tip, which provides a large angular deflection. Likely, their primary function is hydrodynamic sensing, as suggested earlier by Mellon (2012), but it is unknown if they aid in chemosensing. Although the ultimate functioning of these various morphologies is unknown, it is likely that they all serve specific functions in the detection of their surrounding fluid environment. Further research in electrophysiology and brain response of the animals to stimulation of these sensilla, combined with numerical models that can elucidate the magnitude of perturbation required for hydrodynamic detection, can help achieve a greater understanding of their role in detecting hydrodynamic and chemical stimuli.
Role of hydrodynamic sensing in plume tracking
In aquatic benthic environments, flow fields are often turbulent and the distribution of diffusing odorants is intermittent and complex. The interwoven spatial and temporal structure of the flow and chemical distribution indicates that instantaneous sensing of the flow field can be of crucial importance in chemical sensing (Pravin and Reidenbach 2013) . Antennule flicking enhances the odorant diffusion to the sensilla surface (Pravin et al 2012) and allows it to enter the permeable cuticle on the aesthetasc surface before it comes in contact with the ORN dendrites. Although it has been shown that flow and chemical signal integration in the form of odorant flux can enhance the animal's ability to locate the source of a chemical plume (Gardiner and Atema 2010) , how and to what extent an animal integrates hydrodynamic and chemical information is currently unknown. Results from Pravin and Reidenbach (2013) have shown that mean odorant concentration and intermittency in the odorant signal increase towards the plume source, but the temporal and spatial rate of this increase is slow. Long measurement times would be necessary to be useful for chemosensory guidance if odorant concentration were used alone (Reidenbach and Koehl 2011) . However, odorant fluxes measured transverse to the mean flow direction, measured as the simultaneous instantaneous fluctuation in concentration and velocity, have been shown to have statistically distinct magnitude and directional information. This information is spatially distinct on either side of a plume centerline, and can be determined with sampling times of 0.5 s or less. Aquatic animals typically have neural responses to odorant and velocity fields at rates between 50 and 500 ms (Marschall and Ache 1989 , Gomez and Atema 1996 , Mellon et al 2014 , suggesting this simultaneous sampling of both flow and concentration can be highly beneficial for rapid detection and movement towards the source of the odorant plume. This suggests that in the use of biologically inspired electronic noses, integration of hydrodynamic and chemical stimuli on time scales similar to neural response times of organisms (50-500 ms), may enhance both the success of a search and time to finding the source. Our findings also suggest that due to the varying sensitivity of the mechanosensilla to angle of hydrodynamic perturbation, these sensilla can be used to determine the direction of flow disturbance. As chemical signals become entrained by turbulence and mixed within the plume as they propagate downstream, sensing both odor concentration and direction from which these 'flavored eddies' (Atema 1996) originated from, can greatly enhance information input about source location.
Hydrodynamic stimulation of feathered sensilla show that they are sensitive to impulsive stimuli originating close to the axial plane of the flagellum Christison-Lagay 2008, Mellon and Abdul Hamid 2012 ). An examination of the SEM images of the sockets of feathered sensilla also reveals that there are preferred directional sensitivities, which are most sensitive at right angles to the hinge-like elongation of the sensillar base. Mellon and Abdul Hamid (2012) reported that the differences in fluid directional sensitivities were not significant for detection by standing feathered sensilla, except for a definite drop close to 180°opposite the preferred direction. However, through an ANOVA analysis of the data, they showed highly significant differences in response threshold at different angles with reference to the sensilla (P < 0.001). The results shown in this numerical study indicate slightly increased angular deflection of the sensilla for perturbations at right angles to the sensilla orientation and also a drop in deformation at 180°to the preferred direction. This indicates that the sensilla although they are sensitive to direction of perturbation, retain their sensitivity from almost all directions except at θ = 180°, when the flow movement occurs directly behind the sensillar orientation.
In conclusion, a rich diversity of morphologies is found among sensilla on the antennules of a crayfish. These morphologic variations may allow P. clarkii to detect both small and large perturbations under different flow conditions and, combined with chemoreceptor aesthetascs, provide the ability for integration of flow and chemical stimuli on relevant time and spatial scales to effectively navigate their benthic environment. These same characteristics may also improve the design of engineered sensors for the detection and tracking of chemicals in aquatic environments.
